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We successfully realized millisecond-order X-ray phase tomography using a fringe-scanning method in grating-based X-ray interferometry. We
obtained phase tomograms with a measurement time of 4.43ms using a white synchrotron X-ray beam. The use of a fringe-scanning method
enables us to achieve not only a higher spatial resolution but also a higher signal-to-noise ratio than that attained by the Fourier transform method.
In addition, our approach can be applied to realize four-dimensional or high-throughput X-ray tomography for samples that can be rotated at a high
speed. © 2018 The Japan Society of Applied Physics
T
he demand for imaging techniques that facilitate the
examination of the internal structures of a sample
with high temporal and spatial resolution has steadily
increased in ﬁelds ranging from material science to the life
sciences, with the need to characterize increasingly intricate
structures. High-speed X-ray tomography can potentially
address this demand. However, an improvement in sensitivity
and the use of a high-ﬂux X-ray beam are required to achieve
high temporal resolution without sacriﬁcing the spatial
resolution because there is generally a tradeoﬀ between
temporal and spatial resolution in imaging.
X-ray phase-contrast imaging techniques based on X-ray
phase shift caused by refraction can facilitate an improvement
in sensitivity: they have much higher sensitivities than con-
ventional X-ray absorption.1–3) Two X-ray phase-contrast
imaging techniques have thus far been applied to high-speed
X-ray imaging. One is the propagation-based imaging (PBI),
which uses enhanced edge contrast during the free-space
propagation of X-rays.4–6) A temporal resolution on the order
of or less than 10 µs is possible because this technique ena-
bles the use of a white or pink synchrotron X-ray beam.7–13)
However, for quantitative imaging, which is required for
tomographic reconstruction, a quasi-homogeneous assump-
tion is necessary. The other technique for high-speed X-ray
imaging is grating-based X-ray imaging, which has been
spotlighted since the early 2000s.14–36) This technique uses
gratings to realize X-ray phase-contrast imaging and can be
utilized with a white synchrotron X-ray beam, which permits
a temporal resolution comparable to that of the PBI tech-
nique.12,33,34) In addition, its multimodality can facilitate
the acquisition of not only quantitative images for X-ray
phase shift (a quantitative diﬀerential-phase image) which
is an essential requirement for quantitative phase tomog-
raphy, but also two other images: a transmittance image,
which is an edge-enhanced image that is equivalent to that
obtained by PBI,31) and a normalized visibility image with
contrast that is primarily attributable to ultra-small-angle
X-ray scattering.20,24,31,32,35) For these reasons, the grating-
based X-ray-imaging technique is promising for high-speed
tomography.
In previous papers, we reported on the successful realiza-
tion of X-ray phase tomography with an acquisition time of
less than 10ms using grating-based X-ray imaging with a
white synchrotron X-ray beam.33,34) We used the so-called
Fourier transform method37) to obtain the three images from a
moiré image obtained using grating-based X-ray interferom-
etry. However, because the spatial resolution of the acquired
three images is determined by the pitch of the fringes in the
moiré image, a high-spatial resolution requires a ﬁne pitch
of moiré fringes, which generally causes a reduction in the
visibility of the fringes because of the ﬁnite spatial resolution
of the X-ray detector. It should be noted that a higher spatial
resolution causes a lower signal-to-noise ratio of a diﬀer-
ential-phase image based on the Fourier transform method
because the signal-to-noise ratio of a diﬀerential-phase image
is linearly proportional to the visibility.19,36)
In this paper, we report on millisecond-order X-ray phase
tomography using a fringe scanning method.38–40) In a fringe
scanning method, three or more moiré images are required to
obtain the three images. As such, three or more turns of a
sample with a continuously moving grating is necessary to
realize high-speed X-ray phase tomography. In other words,
both a higher rotation speed of the sample and a higher frame
rate of the X-ray image detector are required in a fringe
scanning method to achieve a temporal resolution compara-
ble to the Fourier transform method. However, a fringe scan-
ning method has the advantage of a higher spatial resolution,
which is mainly determined by the spatial resolution of the
X-ray image detector, and a higher visibility for moiré fringes
with a large pitch, resulting in a higher signal-to-noise
ratio for diﬀerential-phase images. In a published report,
Kibayashi et al. reported that they realized X-ray phase
tomography using a fringe scanning method with a measure-
ment time of 5 s.29) In this paper, we report on the successful
realization X-ray phase tomography using a fringe scanning
method with a measurement time of 4.43ms. The proposed
approach can be applied to achieve four-dimensional or high-
throughput X-ray tomography for samples that can be rotated
at a high speed.
Figure 1 shows the experimental setup for millisecond-
order X-ray tomography using a fringe scanning method,
which is basically the same as that reported in a previous
paper,34) except that the second grating (G2) is continuously
moved. An X-ray grating interferometer consisting of two
gratings (G1 and G2) was constructed in an experimental
station of BL28B2, SPring-8, where a white synchrotron
X-ray beam from a bending magnet source is available. The
source size [full width at half maximum (FWHM)] of the
white synchrotron X-ray beam in the vertical direction was
designed to be 28.7 µm.41) A gold π=2-phase grating designed
for an X-ray energy of 25 keV and a gold absorption grating
with a thickness of 60 µm were used as the ﬁrst (G1) and
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second (G2) gratings, respectively. The pitch of the two
gratings was 5.3 µm. G1 was located 44m downstream of
the source, and the distance between G1 and G2 was set to
283mm, corresponding to a Talbot order of 0.5 for 25 keV.
Both gratings were fabricated on 200-µm-thick Si substrates.
The lines of G1 were aligned in the horizontal direction
(y-direction) because of the smaller source size in the vertical
direction, and G2 was aligned parallel to the lines of G1 to
generate parallel moiré fringes with a large pitch. A sample
which was located 135mm upstream of G1 was rotated using
a DC motor with a high speed around the horizontal direction
while G2 was continuously moved in the vertical direction.
An X-ray image detector consisting of a scintillator
screen, lenses, and a high-speed CMOS camera (Photoron
FASTCAM MiniAX100), was located behind G2 to capture
moiré images. A plate of 40-µm-thick GAGG single crystal
(Ce:Gd3Al2Ga3O12) which has an excellent scintillation light
yield and a short decay time of 53 ns42) was used for the
scintillator screen. The eﬀective pixel size of the detector was
measured to be 10 µm (9.9 µm at the position of the rotation
axis). The FWHM of the line spread function (LSF) of the
detector was determined to be 21 µm from its modulation
transfer function (MTF) after the Coltman correction,43)
which was well ﬁtted by a Lorentzian.
The image acquisition sequence for the proposed technique
is shown in Fig. 2. A 3-step fringe scanning based on the
equal sampling algorithm38) was performed by continuously
moving G2 and rotating the sample. The speed of G2
was tuned as it was moved by one pitch while the sample
was rotated through 3 turns. From the three moiré images
obtained for the same projection angle θproj for three dif-
ferent positions of G2, transmittance, diﬀerential-phase, and
normalized-visibility images can be obtained. Tomographic
reconstruction can be performed from the projection images
obtained in the range of the projection angle 0 ≤ θproj < 180°
because the white synchrotron X-ray beam is almost parallel.
As such, 2.5 turns of the sample are required during image
acquisition. Note that two sets of projection images can be
obtained for tomographic reconstruction during 3 turns of the
sample only by adding the projection images for another half
turn of the sample, which can be used to reduce statistical
errors. The ﬁeld-of-view (FOV) can also be extended by
performing so-called oﬀset tomography using the 3-turn
projection images.
For the demonstration of millisecond-order X-ray tomog-
raphy using a fringe scanning method, a piece of wood was
used as a sample. The sample was rotated with a speed of
33850 rpm, which corresponds to 4.43ms for 2.5 turns of
the sample. In the process, moiré images generated by the
two gratings were acquired (see movie 1 in the online sup-
plementary data at http://stacks.iop.org/APEX/11/122501/
mmedia). The visibility of the moiré fringes was 31%, which
was much higher than that obtained for the Fourier transform
method reported in previous reports.33,34) Note that this
visibility is mainly determined by the spectrum of the white
synchrotron X-ray beam with a wide bandwidth, i.e., the
ﬁnite temporal coherence of the beam,35) the ﬁxed thickness
of G1, which reduces the visibility of the self-image of
G1 formed by the Talbot eﬀect, and the ﬁnite thickness of
G2 which cannot eﬀectively block high-energy X-rays. The
frame rate of the camera was set to be 127,500 fps and each
moiré image was captured with a shutter speed of 7.8 µs.
Figure 3 shows examples of transmittance, moiré-phase, and
normalized-visibility images. The FOV of the images are 128
pixel × 64 pixel, which is limited by the maximum FOV of
the CMOS camera at the given frame rate. For each image,
500 reference images were used. These were obtained from
1500 moiré images without the sample. A higher spatial
resolution compared to that obtained using the Fourier trans-
form method as reported in previous reports33,34) is achieved
using the fringe scanning method. The standard deviation of
the transmittance and moiré-phase images in regions without
the sample were 0.010 and 0.038 (2π × 0.0060), respectively.
Although the standard deviations are aﬀected by the read-out
noise of the camera depending on the frame rate, browning
of the lenses in the X-ray image detector due to scattered
X-rays, and the quality of the gratings in the FOV, the ratio of
the standard deviation for the moiré-phase image compared
to that of the transmittance image was much smaller than
the values obtained for the Fourier transform method33,34)
because of the high visibility of the moiré fringes. Note that,
as reported in a previous paper,34) the eﬀective energies of the
transmittance and moiré-phase images are 24.2 and 27.1 keV,
respectively for a weakly-absorbing sample. In addition,
the moiré phase shift due to the sample is approximately
proportional to ∂δ=∂x, where 1 − δ is the real part of the
refractive index of the sample for the eﬀective-energy, when
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Fig. 1. Experimental setup of X-ray grating interferometer for
millisecond-order X-ray phase tomography using fringe scanning method.
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Fig. 2. Image acquisition sequence (relationship between sample rotation
angle and grating position).
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the absolute value of the moiré phase shift is within a range
less than π=2.
Figure 4 shows examples of tomograms for β and δ,
where β is the imaginary part of the refractive index of the
sample for the eﬀective energies [see movies 2 and 3 in the
online supplementary data at http://stacks.iop.org/APEX/11/
122501/mmedia for the tomograms of β and δ (68 pixel × 68
pixel, gray scale: −3 × 10−9–3 × 10−9 and 0.0–4.0 × 10−7,
respectively)]. Each of the tomograms was reconstructed
using a convolution-back projection algorithm from 113 pro-
jection images (339 moiré images captured in a net time of
2.66ms). Note that although β is negligible and the enhanced
edges in the transmittance images do not satisfy the math-
ematical conditions that are necessary for tomographic re-
construction, the contours of the internal structures in the
sample are clearly seen in Fig. 4(a). The standard deviation
of δ in regions without the sample was 9.4 × 10−9, corre-
sponding to a density resolution of 30mg=cm3 for water,
which is approximately twice the value attained using the
Fourier transform method as reported in a previous publica-
tion.33) From the orthogonal views obtained from movie 3 in
the online supplementary data at http://stacks.iop.org/APEX/
11/122501/mmedia, it was conﬁrmed that the spatial
resolution in the axial direction was approximately 2 pixels,
which is comparable to the spatial resolution of the X-ray
image detector used.
In the experimentally obtained tomograms, no motion
artifact was observed. This implies that displacement and
distortion of the sample due to centrifugal forces was
negligible during the measurement time. This assertion
is reasonable when the centrifugal force on the sample
is estimated. Given that the density of wood is less than
1 g=cm3, the centrifugal force per axial length of the sample is
less than 2 × 10−3 N=mm even when the sample is 1mm
apart from the rotation center, and thus the motion of the
sample and the axis of the DC motor should be negligible
with respect to the spatial resolution of a few tens of µm.
Even if the sample is distorted by the centrifugal force,
tomograms obtained under the inﬂuence of this force can still
be reconstructed as long as the force balance is maintained
and movement of the position of the rotation axis is
negligible during the measurement time.
In summary, X-ray imaging based on X-ray grating inter-
ferometry was performed using a white synchrotron beam at
BL28B2, SPring-8, Japan. By employing a fringe method,
transmittance, moiré-phase, and normalized-visibility images
with a spatial resolution of 21 µm were obtained for a piece
of a wood with a frame rate of 127,500 and a shutter speed
of 7.8 µs (Fig. 3). X-ray absorption and phase tomograms
were also obtained for the sample with a measurement time
of 4.43ms (net time: 2.66ms) (Fig. 4). The density resolu-
tion obtained using the fringe scanning method with high
visibility moiré fringes was twice that achieved using the
Fourier transform method. It should be noted that as pre-
viously described, another half turn of the sample (totaling
3 turns and corresponding to a time of 5.32ms) can further
improve the signal-to-noise ratio of the tomograms [see
movies 4 and 5 in the online supplementary data at http://
stacks.iop.org/APEX/11/122501/mmedia for the tomograms
for β and δ (68 pixel × 68 pixel, grayscale: −3 × 10−9–3 ×
10−9 and 0.0–4.0 × 10−7, respectively)].
The proposed approach can be applied to realize four-
dimensional X-ray tomography7,8,22,25,44,45) with spatial and
temporal resolutions of a few tens of µm and a few ms,
respectively, for the observation of unrepeatable phenomena
in a sample that can be rotated at a high speed. Another appli-
cation of the approach is high-throughput X-ray tomography,
which can provide big data for deep learning. Higher
temporal resolution and larger FOV should also be possible
by exploiting advanced information processing techniques
including compressed sensing34,46,47) and interior tomogra-
phy.48,49) Such techniques not only make it possible to apply
the proposed approach to large samples but also reduce
radiation. Thus, the presented approach lays the foundation
for a new frontier in 3D imaging by facilitating a level of
imaging versatility that is not feasible using other techniques.
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